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RECENT PROGRESS I N  SPACE PHOTOVOLTAIC SYSTEMS 

Henry W .  Brandhors t ,  J r . ,  Dennis J .  Flood, and I r v i n g  Weinberg 
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
Cleveland,  Oh io  44135, U.S.A. 

SUMMARY 

Th is  paper w i l l  address key issues  and o p p o r t u n i t i e s  i n  space p h o t o v o l t a i c  
research  and techno logy  r e l a t i v e  to  f u t u r e  NASA m i s s i o n  requ i rements  and d r i v -  
e rs .  Examples w i l l  be g i v e n  of f u t u r e  space m iss ions  and/or  o p e r a t i o n a l  capa- 
b i l i t i e s  t h a t  a r e  on NASA 's  p l a n n i n g  h o r i z o n  t h a t  p resen t  ma jor  techno logy  
cha l lenges  t o  t h e  use o f  p h o t o v o l t a i c  power g e n e r a t i o n  i n  space. 
c e l l  R&D and t h e  performance goa ls  t h a t  space p h o t o v o l t a i c  power systems must 
meet to  remain c o m p e t i t i v e  w i l l  be descr ibed.  
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w The s t a t u s  o f  

High Capac i t y  P h o t o v o l t a i c  Space Power Systems 

The a n t i c i p a t e d  energy requ i rements  o f  f u t u r e  space m iss ions  w i l l  grow by 
f a c t o r s  approaching 100 or more, p a r t i c u l a r l y  as we e s t a b l i s h  a permanent 
manned presence i n  space. The advances t h a t  can be expected i n  s o l a r  c e l l  
e f f i c i e n c y ,  l i g h t w e i g h t  s t r u c t u r e s  and a r r a y  l i f e t i m e ,  when coupled w i t h  
advanced, h i g h  energy d e n s i t y  s to rage b a t t e r i e s  and/or  f u e l  c e l l s ,  w i l l  con- 
t i n u e  to  make p h o t o v o l t a i c  energy convers ion  a v i a b l e  power g e n e r a t i n g  o p t i o n  
for  t h e  l a r g e  systems o f  t h e  f u t u r e .  

Table I shows a more d e t a i l e d  breakout  by subset  o f  p o t e n t i a l  m iss ions  i n  
t h e  h i g h  c a p a c i t y  m i s s i o n  c l a s s ,  and l i s t s  t he  system a t t r i b u t e s  t h a t  a r e  
impor tan t  i n  each case. The key a t t r i b u t e s  for  a g i ven  subset  a r e  l i s t e d  i n  
r e l a t i v e  p r i o r i t y  o r d e r ,  w i t h  the  caveat  t h a t  t h e  a c t u a l  p r i o r i t i z a t i o n  w i  t h i n  
any subset depends i n  a c r i t i c a l  way on the  outcome of system t r a d e  s t u d i e s .  
Cost i n  t h i s  case i s  meant t o  inc lude  l i f e  c y c l e  costs, as w e l l  as i n i t i a l  
deployment c o s t .  The t o t a l  d e l i v e r e d  e l e c t r i c  power i n  k i l o w a t t s ,  d i v i d e d  by 
t h e  t o t a l  system mass, or s p e c i f i c  power, We/kg, p rov ides  a way t o  make top- 
l e v e l  comparisons between competing system concepts for f u t u r e  space m iss ions .  
S t a t e - o f - t h e - a r t  s p e c i f i c  powers f o r  c u r r e n t  e a r t h  o r b i t i n g  s a t e l l i t e s  a re  
under 10 We/kg, on a system bas is ,  and t h e  I O C  space s t a t i o n  i s  p r o j e c t e d  to 
have a s p e c i f i c  power o f  5 We/kg f o r  i t s  p h o t o v o l t a i c  power system. 

The s p e c i f i c  t e c h n o l o g i c a l  advances r e q u i r e d  t o  achieve any p a r t i c u l a r  
s e t  o f  d e s i r e d  a t t r i b u t e s  w i l l  v a r y  from m i s s i o n  t o  m iss ion .  Nonetheless, i n  
a lmost  a l l  cases t h e  techno logy  push w i l l  be toward l i g h t e r  we igh t  and h i g h e r  
e f f i c i e n c y ,  whether o f  s o l a r  a r r a y s  or s to rage dev ices .  
o f  space p h o t o v o l t a i c  power systems w i l l  be v a s t l y  d i f f e r e n t  depending on t h e  
s to rage requ i rements ,  i t  i s  necessary t o  examine t h e  p o t e n t i a l  f o r  improvement 
w i t h i n  each o f  the  subsystem techno log ies .  Tables I 1  t o  I V  summarize t h e  cur -  
r e n t  c a p a b i l i t i e s  of v a r i o u s  c e l l ,  s to rage,  and a r r a y  o p t i o n s ,  and t h e i r  p re-  
d i c t e d  performance l e v e l s .  I t  i s  p o s s i b l e ,  based on such da ta ,  t o  e s t i m a t e  
system- level  performance for s p e c i f i c  power system requ i rements  i n  each o f  t h e  
above m i s s i o n  subsets.  

S ince t h e  a r c h i t e c t u r e  



E a r t h - o r b i t i n g  m i s s i o n s  w i t h  l a r g e  power requi rements,  such as g rowth  
space s t a t i o n  and o t h e r  l a r g e  LEO p l a t f o r m s ,  have a l r e a d y  been shown t o  r e q u i r e  
h i g h  a rea  power d e n s i t y  t o  m in im ize  l i f e  c y c l e  c o s t s  i f  they  must o r b i t  a t  
a l t i t u d e s  where r e s i d u a l  a tmospher ic  d rag  i s  s i g n i f i c a n t  (below approx.  
270 nmi). 
l i g h t w e i g h t  s o l a r  a r r a y s ,  b u t  a l s o  h i g h  energy d e n s i t y ,  h i g h  e f f i c i e n c y  b a t t e r -  
i e s  or f u e l  c e l l s .  The comb ina t ion  of advanced c o n c e n t r a t o r  a r r a y s  u t i l i z i n g  
mechan ica l l y  stacked, dual  j u n c t i o n  s o l a r  c e l l s ,  w i t h  advanced h i g h  c a p a c i t y  
s torage dev ices such as HBr  f u e l  c e l l s ,  NaS, or L i  secondary b a t t e r i e s ,  has t h e  
p o t e n t i a l  f o r  area power d e n s i t i e s  approaching 200 We/M2, an improvement by a 
f a c t o r  o f  n e a r l y  3 o v e r  c u r r e n t  system technology.  
same advanced s o l a r  a r r a y l e l e c t r o c h e m i c a l  sys tem concept approach 50 We/kg, a 
phenomenal f a c t o r  o f  t e n  improvement o v e r  t o d a y ' s  l a r g e  system s t a t e - o f - t h e - a r t .  

Power systems for  such m iss ions  need n o t  o n l y  h i g h  e f f i c i e n c y ,  

S p e c i f i c  powers for  t h e  

Spacec ra f t  and Rover Power Systems 

Al though t h e r e  w i l l  be a need fo r  a few h i g h  c a p a c i t y  power systems, t h e  
v a s t  m a j o r i t y  o f  space a c t i v i t i e s  from now th rough  t h e  first decade o f  t h e  
t w e n t i e t h  cen tu ry ,  whether commercial,  c i v i l i a n ,  or m i l i t a r y ,  w i l l  have power 
requi rements i n  t h e  range from a few hundred w a t t s  up t o  20 or 30 kW. The key 
f e a t u r e  i s  t h a t  t h e r e  w i l l  be hundreds o f  such m iss ions ,  i n c l u d i n g  i n t e r p l a n e -  
t a r y  sc ience,  e a r t h  o b s e r v a t i o n  and communication ( b o t h  commercial and m i l i -  
t a r y ) ,  and as a r e s u l t  hundreds o f  k i l o w a t t s  o f  space power w i l l  be needed i n  
t h a t  t imeframe. There w i l l  a l s o  be p r e c u r s o r  m iss ions  t o  h e l p  l o c a t e  s i t e s  f o r  
e s t a b l i s h i n g  permanent manned bases on t h e  moon and f o r  manned v i s i t s  t o  t h e  
su r face  o f  Mars, e i t h e r  or b o t h  o f  which may w e l l  occu r  e a r l y  i n  t h e  n e x t  cen- 
t u r y .  Such a v a s t  a r r a y  o f  m iss ions  w i l l  impose an e q u a l l y  v a r i e d  s e t  o f  
requi rements on t h e  power system needed for each a p p l i c a t i o n .  I n  eve ry  case, 
however, t h e  t r a n s p o r t a t i o n  s y s t e m  w i l l  be mass - l im i ted ,  w i t h  t h e  p o s s i b l e  
excep t ion  o f  e a r t h  t o  LEO launches on t h e  S h u t t l e .  
i n c l u d e  LEO t o  GEO t r a n s f e r s ,  e a r t h  t o  Lunar or Mars t r a n s i t s ,  or v i r t u a l l y  any 
i n t e r p l a n e t a r y  m iss ion .  There w i l l  a l s o  be an i n c r e a s i n g  need f o r  a h i g h e r  
degree o f  r e l i a b i l i t y  and autonomy on such s p a c e c r a f t  than i n  t h e  p a s t ,  s i n c e  
i t  w i l l  become more and more i m p o r t a n t  t o  assure t h e  lowest l i f e  c y c l e  c o s t s  
p o s s i b l e  d u r i n g  t h e  e n t i r e  m i s s i o n .  
cos ts  i n  many p a s t  m iss ions  has been t h a t  o f  o p e r a t i o n a l  ground suppor t ,  which 
i n c l u d e d  cons tan t  m o n i t o r i n g  of, and i s s u i n g  commands to, t h e  s p a c e c r a f t  
throughout  i t s  f l i g h t .  

Mass - l im i ted  m iss ions  w i l l  

One o f  t h e  major  c o n t r i b u t o r s  t o  such 

Fu tu re  s p a c e c r a f t  w i l l  r e q u i r e  power subsystems t h a t  can f u n c t i o n  for  l o n g  
p e r i o d s  o f  t ime,  perhaps i n  harsh environments,  and t h a t  can be f a u l t  t o l e r a n t  
and s e l f - c o r r e c t i n g .  I n  a word, f u t u r e  s p a c e c r a f t ,  i n c l u d i n g  s u r f a c e  r o v i n g  
v e h i c l e s ,  w i l l  need power s y s t e m s  t h a t  a r e  " l i g h t e r  and smarter"  t o  accompl ish 
t h e i r  o b j e c t i v e s  w i t h o u t  undue r e s t r i c t i o n  o f  t h e i r  scope or c a p a b i l i t i e s .  

The es tab l i shmen t  o f  a permanent base on t h e  Moon, and manned v i s i t s  t o  
t h e  M a r t i a n  su r face  t o  e x p l o r e  the  p o t e n t i a l  f o r  e s t a b l i s h i n g  a base on t h a t  
nearby p l a n e t  w i l l  t a x  o u r  i n g e n u i t y  t o  dev i se  and b u i l d  t h e  necessary space- 
c r a f t  and assoc ia ted  equipment. A l though t h e  u l t i m a t e  embodiment o f  such bases 
commonly e n v i s i o n s  power generated by n u c l e a r  r e a c t o r s  fo r  t h e  l o n g  term, t h e r e  
w i l l  most l i k e l y  be a need f o r  i n t e r i m  power which i s  e a s i l y  deployed or 
e rec ted ,  and which i s  a v a i l a b l e  e s s e n t i a l l y  i n s t a n t l y  w i t h  t h e  a r r i v a l  o f  t h e  
first a s t r o n a u t  crews a t  t h e  s i t e s .  Such power systems w i l l  have t o  be as 
l i g h t  as p o s s i b l e  ( h i g h  power t o  mass r a t i o ,  W/kg,> n o t  o n l y  t o  m in im ize  t h e  
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c o s t  o f  t r a n s p o r t i n g  i t  t o  t h e  moon or t o  Mars, b u t  a l s o  t o  a l l o w  for  as much 
o t h e r  cargo and pay load d e l i v e r y  t o  t h e  s u r f a c e  as p o s s i b l e .  
w i l l  most l i k e l y  r e q u i r e  power systems d e l i v e r i n g  25 kWe or l e s s  for l i f e  and 
o p e r a t i o n a l  suppor t  d u r i n g  t h e  c o n s t r u c t i o n  or deployment of  t h e  i n i t i a l  o u t -  
p u t  components, and f o r  any e a r l y  s c i e n t i f i c  i n v e s t i g a t i o n s .  

I t  i s  c l e a r  t h a t  a major  d r i v e r  for  t h e  nonnuclear system o p t i o n s  f o r  
e i t h e r  o f  the  two o u t p o s t  m iss ions  i s  t h a t  o f  energy s to rage .  The M a r t i a n  
n i g h t  i s  s i m i l a r  i n  d u r a t i o n  t o  t h e  E a r t h ' s ,  and t h e  l u n a r  n i g h t  i s  about  two 
weeks l ong .  As a r e s u l t ,  e.g., t h e  s to rage  subsystem for a l u n a r  power system 
accounts for more than  95 p e r c e n t  of t h e  t o t a l  system mass. The s i t u a t i o n  for  
a M a r t i a n  o u t p o s t  i s  shown i n  f i g u r e  1. The reduced s to rage  t ime ,  coupled w i t h  
t h e  reduced s o l a r  i n s o l a t i o n  l e v e l  a t  Mars, e f f e c t i v e l y  i nc reases  t h e  f r a c t i o n  
o f  t h e  t o t a l  system mass t h a t  i s  a t t r i b u t a b l e  t o  t h e  a r r a y .  A r r a y  techno logy  
capable o f  300 W/kg ( a t  AMO) i s  r e q u i r e d  a l o n g  w i t h  advanced s to rage  to  make PV 
systems c o m p e t i t i v e  w i t h  a l t e r n a t e  systems. 
p h o t o v o l t a i c  c e l l  / a r r a y  o p t i o n s  a r e  p o s s i b l e  contenders f o r  t h i s  appl  i c a t j o n :  
t h i n  GaAs and amorphous s i l i c o n .  

The f i r s t  v i s i t s  

The f i g u r e  a l s o  shows t h a t  two 

An i ssue  deve lop ing  i n  t h e  space sc ience  community a t  t h e  p r e s e n t  t ime  i s  
t h a t  o f  o u r  a b i l i t y  t o  perform deep space m iss ions .  P rev ious  m i s s i o n s  have 
been a b l e  to  use r a d i o i s o t o p e  t h e r m o e l e c t r i c  generators ,  or RTG's, t o  p r o v i d e  
pay load power for  j ou rneys  beyond Mars. A l though such systems a r e  heavy, t y p i -  
c a l l y  3 t o  5 W/kg, t h e y  a r e  compact, and can be l o c a t e d  a t  t h e  c e n t e r  o f  mass 
o f  t h e  s p a c e c r a f t .  A t  i s s u e  i s  t h e  c o n t i n u i n g  a v a i l a b i l i t y  o f  such power 
sources d u r i n g  t h e  n e x t  decade and beyond, p a r t i c u l a r l y  i n  t h e  f a c e  o f  growing 
i n t e r e s t  i n  them f o r  de fense - re la ted  uses. A l though n o t  s u i t a b l e  for  a l l  such 
miss ions,  p h o t o v o l t a i c  power sources have t h e  p o t e n t i a l  to  meet some o f  t h e  
needs i n  t h i s  m i s s i o n  c l a s s .  F i g u r e  2 i s  a p l o t  of v e r y  s imple e s t i m a t e s  o f  
advanced technology s p e c i f i c  power versus d i s t a n c e  from t h e  sun ( 1  au = 1 e a r t h  
r a d i u s  Cmeanl from t h e  sun). A l though  t h e r e  i s  no m i s s i o n  push fo r  such tech-  
no logy  a t  t he  p r e s e n t  t ime,  demonstrat ion of key elements of i t  would h e l p  t o  
make i t  an a v a i l a b l e  a l t e r n a t i v e  f o r  f u t u r e  c o n s i d e r a t i o n .  

S i  1 i c o n  

Most s a t e l l i t e s ,  c u r r e n t l y  i n  space, a r e  powered by s i l i c o n  s o l a r  c e l l s .  
On t h e  o t h e r  hand, g a l l i u m  a rsen ide  s o l a r  c e l l s  a r e  be ing  manufactured and sev- 
e r a l  m iss ions  a r e  planned u s i n g  these c e l l s .  Th i s  f o l l o w s  from t h e  l a t t e r  
c e l l ' s  i nc reased  e f f i c i e n c y ,  i nc reased  r a d i a t i o n  r e s i s t a n c e  and decreased sen- 
s i t i v i t y  to temperature.  P o s s i b l y  t h e  b i g g e s t  drawback t o  use o f  GaAs c e l l s  i n  
space a r e  t h e i r  i nc reased  c o s t  and we igh t  when compared to  s i l i c o n .  T h i s  cou- 
p l e d  w i t h  t h e  c o n s e r v a t i v e  n a t u r e  o f  m o s t  s p a c e c r a f t  des igners,  i s  a ma jo r  rea -  
son for  t h e  e x p e c t a t i o n  t h a t  many f u t u r e  s a t e l l i t e s ,  a t  l e a s t  i n  t h e  near  term, 
w i l l  be powered by s i l i c o n  s o l a r  c e l l s .  Hence, improvements i n  e f f i c i e n c y  and 
r a d i a t i o n  r e s i s t a n c e  a r e  s t i l l  o f  impor tance f o r  these c e l l s .  

The e a r l i e s t  c a l c u l a t i o n s  o f  e f f i c i e n c y ,  based p r i n c i p a l l y  on bandgap con- 
s i d e r a t i o n s ,  r e s u l t e d  i n  a p r e d i c t e d  a i r  mass z e r o  e f f i c i e n c y  o f  19 p e r c e n t  f o r  
S i  ( r e f .  1) A more r e a l i s t i c  c a l c u l a t i o n  based on use o f  low r e s i s t i v i t y  s i l i -  
con p r e d i c t e d  an expected maximum e f f i c i e n c y  of 18 pe rcen t  f o r  c e l l s  whose 
p-base r e s i s t i v i t y  was 0.1 Q-cm ( r e f .  2). Most r e c e n t l y ,  AM0 e f f i c i e n c i e s  o f  
18.1 p e r c e n t  have been r e p o r t e d  for s i l i c o n  c e l l s  w i t h  0.2 Q p-base r e s i s t i v -  
i t y  ( r e f s .  3 and 4 ) .  F i g u r e  3 shows p rog ress ,  t h rough  t h e  yea rs ,  i n  a c h i e v i n g  
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h i g h  e f f i c i e n c y  for s i l i c o n  s o l a r  c e l l s .  Due t o  t h e  p resen t  emphasis on space 
p h o t o v o l t a i c s ,  t h e  f i g u r e  shows o n l y  c e l l  e f f i c i e n c i e s  measured a t  a i r  mass 
ze ro .  I t  i s  noted t h a t  e f f i c i e n c i e s  of 27.5 p e r c e n t  a t  a i r  mass 1.5 and 
100 suns c o n c e n t r a t i o n  have been r e p o r t e d  for " p o i n t  c o n t a c t "  s i l i c o n  c e l l s  
( r e f .  5 ) .  Th i s  l a t t e r  e f f i c i e n c y ,  when c o r r e c t e d  for  c o n c e n t r a t i o n  and f u r t h e r  
reduced by r e f e r r i n g  measurements to  a i r  mass zero,  t u r n s  o u t  t o  be s l i g h t l y  
l e s s  than t h a t  o f  t h e  most e f f i c i e n t  c e l l  shown i n  f i g u r e  3 .  

Al though t h e  h i g h e s t  e f f i c i e n c i e s  have been achieved w i t h  low r e s i s t i v i t y  
c e l l s  ( r e f s .  3 and 4 )  t h e y  may n o t  be s u i t a b l e  for  use i n  space environments 
where r a d i a t i o n  i s  a s i g n i f i c a n t  c e l l  deg rada t ion  f a c t o r .  The r a t i o n a l e  beh ind  
t h i s  conc lus ion  i s  demonstrated i n  f i g u r e  4 ,  where s i l i c o n  s o l a r  c e l l s  o f  vary-  
i n g  th i cknesses  and r e s i s t i v i t i e s  a r e  compared under 1 MeV e l e c t r o n  i r r a d i a -  
t i o n .  I n  t e r m s  o f  no rma l i zed  e f f i c i e n c i e s ,  t h e  t h i n n e r  c e l l  e x h i b i t s  t h e  
h i g h e s t  r a d i a t i o n  r e s i s t a n c e ,  w h i l e  t h e  e f fec ts  o f  decreased base r e s i s t i v i t y  
a r e  demonstrated by comparing t h e  performances o f  t h e  rema in ing  c e l l s .  The 
inc reased  r a d i a t i o n  r e s i s t a n c e  of t h e  t h i n n e r  c e l l  can be understood by  n o t i n g  
t h a t  d i f f u s i o n  l e n g t h s  i n  10 Q-cm p-type s i l i c o n ,  i n  t h e  u n i r a d i a t e d  s t a t e ,  
range from approx ima te l y  two t o  s i x  t imes t h e  t h i c k n e s s  o f  t h e  2-mi l  c e l l .  
Hence use o f  t h e  t h i n n e r  c e l l s  tends t o  decrease t h e  e f fec ts  o f  r a d i a t i o n  i n  
r e d u c i n g  m i n o r i t y  c a r r i e r  d i f f u s i o n  l e n g t h s .  Wi th  r e s p e c t  t o  t h e  v a r i a t i o n  
w i t h  p-base r e s i s t i v i t y ,  i t  i s  noted t h a t  a d d i t i o n  of t h e  p-dopant boron to  
s i l i c o n  tends t o  decrease r a d i a t i o n  r e s i s t a n c e .  T h i s  has been a t t r i b u t e d  to  
t h e  presence o f  a r a d i a t i o n  induced boron-oxygen de fec t  whose p r o d u c t i o n  r a t e  
i nc reases  as c e l l  base r e s i s t i v i t y  decreases ( r e f .  6). Severa l  remedies have 
been suggested to  a l l e v i a t e  t h i s  s i t u a t i o n .  
t h a t  decreased oxygen c o n t e n t  cou ld  l e a d  t o  a s u b s t a n t i a l  decrease i n  a n n e a l i n g  
temperature ( r e f s .  7 and 8). I f  t h i s  were accompl ished, c e l l  r e c o v e r y  by 
a n n e a l i n g  c o u l d  be a v i a b l e  procedure i n  space ( r e f .  7 ) .  Counterdoping o f  
p-type s i l i c o n  w i t h  l i t h l u m  has a l s o  been shown t o  inc rease  r a d i a t i o n  r e s i s t -  
ance ( r e f .  9). However, t h e  most p r a c t i c a l  s o l u t i o n ,  to da te ,  l i e s  i n  the  use 
o f  t h i n  s i l i c o n  c e l l s  t o  inc rease  r a d i a t i o n  r e s i s t a n c e .  The r e l a t i v e l y  l o n g  
d i f f u s i o n  l e n g t h s  encountered i n  s i l i c o n  renders  t h i s  p u r e l y  d imensional  
approach p r a c t i c a l .  

For example, i t  has been shown 

I I n  a d d i t i o n  t o  inc reased  r a d i a t i o n  r e s i s t a n c e ,  t h i n n e r  c e l l s  o f f e r  t h e  
I advantage o f  h i g h e r  a r r a y  s p e c i f i c  powers. S p e c i f i c  powers o f  seve ra l  U.S. 
~ s a t e l l i t e  a r rays ,  f lown i n  space a re  shown i n  f i g u r e  5. To da te ,  t h e  h i g h e s t  

s p e c i f i c  power o f  a U.S. space flow a r r a y ,  used t o  power a f u n c t i o n i n g  s a t e l -  
l i t e ,  i s  35 W/kg. T h i s  r e f e r s  t o  t h e  a r r a y  on TDRSS ( T r a c k i n g  and Data Relay 
S a t e l l i t e  System). More e f f i c i e n t  a r r a y s  have been t e s t e d  for short p e r i o d s  o f  
t i m e  i n  space. For example, t h e  SEP ( S o l a r  E l e c t r i c  Power) a r r a y ,  whose dynam- 
i c  c h a r a c t e r i s t i c s  have been eva lua ted  on a s h u t t l e  f l i g h t ,  ach ieved a s p e c i f i c  
power o f  app rox ima te l y  60 W/kg. A schematic o f  one wing o f  t h e  SEP a r r a y ,  
r a t e d  a t  13.5 kW i s  shown i n  f i g u r e  6.  Us ing  t h e  SEP f l e x i b l e  f o l d  out a r r a y  
as a b a s e l i n e ,  t h e  U.S. J e t  P r o p u l s i o n  L a b o r a t o r y  has i n i t i a t e d  a program 
aimed a t  u l t i m a t e l y  a c h i e v i n g  an a r r a y  s p e c i f i c  power of 300 W/kg ( f i g .  7 ) .  
C u r r e n t l y ,  an a r r a y  designed t o  achieve 130 W/kg i s  under f a b r i c a t i o n  and w i l l  
s h o r t l y  be evaluated.  T h i s  a r r a y  d i f f e r s  from t h e  SEP a r r a y  i n  i t s  use o f  t h e  
much l i g h t e r  Stacbeam boom and deployment mechanism r a t h e r  than  t h e  h e a v i e r  
Astromast c o n f i g u r a t i o n .  I n  a d d i t i o n ,  t h i n  s i l i c o n  c e l l s ,  t h i n n e r  i n t e r c o n -  
nec ts  and a 2-mm cover g l a s s  a r e  employed i n  t h e  l i g h t e r  we igh t  s t r u c t u r e  now 
b e i n g  processed. A d d i t i o n a l  s teps r e q u i r e d  t o  reach t h e  300 W/kg goal  a re  il- 
l u s t r a t e d  i n  t h e  f i g u r e .  
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Requirements for a projected lunar base place great emphasis on the array 
mass and stowed volume of the array while in transit from earth t o  the base 
site. In this respect, amorphous silicon solar cells, which have achieved A M 0  
efficiencies of 10 percent, appear to be viable candidates for powering the 
proposed lunar base (ref. 10). Advantages i n  weight and volume are possible 
for a photovoltaic system, provided that it can be operated without the weight 
penalty of battery storage. This would be possible i f  the photovoltaic array 
were continuously exposed t o  sunlight. Examination of lunar conditions indi- 
cates that there are regions of the moon which are continuously exposed t o  sun- 
light. Specifically this continuous daylight condition occurs at the lunar 
poles (ref. 1 1 ) .  A comparison of an amorphous silicon array, using state-of- 
the-art amorphous cells with a photovoltaic array using Cassegranian concentra- 
tors and 21 percent (lOOX, 80 "C) GaAs solar cells is shown in figure 8. Also 
shown are data for a 100 kW nuclear system and a solar dynamic system using the 
Brayton cycle (ref. 12). From the figure it is seen that the photovoltaic sys- 
tems are superior in terms of mass and volume and that the amorphous silicon 
solar cell array would be preferable. 

It is appropriate here t o  include some remarks on the forthcoming U.S. 
Space Station. Figure 9 is a schematic representation of a photovoltaic option 
for the initial space station scheduled to be launched sometime in the 1990's. 
Specifically, the array for this system is intended to deliver 75 kW of elec- 
trical power to the space craft bus. However, the array power will be sized at 
approximately 225 kW. Silicon cells are planned for this photovoltaic option. 
One current cell design calls for the large area, 8-cm by 8-cm wrap-through 
silicon cells (ref. 13). Cell modelling data indicate that use of 2 Q-cm 
passivated cells with gridded back contact should make possible the fabrication 
of a large area, 13.8 percent efficient cell (ref. 13). The use of the large 
area cell with all contacts on the rear surface is intended t o  facilitate array 
assembly and thus reduce costs. 

In concluding the present discussion of silicon cells, it is well t o  note 
the ever present need, and desirability, of increasing radiation resistance, 
even for the thinner cells. The methods suggested in references 7 to 9 offer 
concrete suggestions to reach this goal, i.e., lithium counterdoping and 
decreased oxygen and carbon content. In addition use of cells thinner than 
2 mils may offer advantages especially i f  their reduced BOL efficiencies can be 
tolerated. With regard to efficiency, some of the techniques used in achieving 
18.1 percent efficiency, i n  the 0.2 Q-cm cells, such as passivation, would pos- 
sibly result i n  higher efficiencies for the 10 Q-cm space qualified cell whose 
current efficiencies are slightly higher than 15 percent (refs. 3 and 4 ) .  

Advanced Cell Technology Requirements 

As pointed out earlier, the full spectrum of space missions envisioned for 
the next 15 years o r  so, each with individual requirements for less than 25 kW, 
could nonetheless consume a megawatt or more of power. Clearly it will become 
imperative t o  improve the capability and lower the cost of future space power 
systems, no matter what the conversion technology. Moreover, it is also proba- 
ble that essentially all such systems will be photovoltaic power systems, par- 
ticularly for earth orbiting applications such as communication satellites and 
so on. It therefore becomes imperative to develop higher efficiency, lower 
cost, longer life solar cells, and arrays. In particular, new, high effi- 
ciency, radiation hard solar cells will be necessary to be able t o  sustain the 
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desired levels of space activity envisioned. 
regard is the InP homojunction cell, which recently has achieved nearly 19 per- 
cent in the laboratory (ref. 14). The full development of this cell type, and 
others like it yet to be discovered, will have a significant impact on the cost 
and capability of future space missions. Other cell types with the potential 
for major impact are multiple bandgap cells, which could make 3 0  percent AM0 
conversion possible, at least under modest concentration (lOOX, or so), and 
thin (5 pm) GaAs cells, which would enable ultrahigh specific power arrays with 
good radiation resistance. Also of interest are certain of the thin film solar 
cells, such as amorphous silicon and copper indium diselenide. Although of 
lower efficiency than single crystal solar cells, they have shown evidence o f  
radiation hardness which would make their lower efficiencies acceptable in many 
cases, provided they can be made to exceed 10 percent AMO. Major barriers 
which must be overcome include not only the efficiency, but also the stability 
of the materials. If such cells are successfully developed, however, they 
could usher in a new era of low cost space photovoltaic power system technology 
as never before envisioned. 

A leading candidate in that 

CONCLUSION 

We have reviewed briefly the nature of the requirements that must be 
addressed for the successful application of photovoltaic power generation in 
space. The opportunities are challenging, but overcoming them should provide 
significant new capabilities for a variety of future space missions. Failure 
to address them increases the risk that mission planners will turn t o  competing 
technologies to accomplish their goals. 
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TABLE I. - SPACE POWER SYSTEM ATTRIBUTES 

r Mission subset I Power l e v e l  

CEO p la t fo rm Intermediate 
Lunar base, manned Intermediate 

E l e c t r i c  p ropu ls ion  High 
t o  h igh  

o r b i t  t r a n s f e r  (OTV) , 

System a t t r i b u t e s  

Minimum area, low mass, 

Long l i f e ,  low mass 
Low mass, p o r t a b i l i t y ,  

Reusab i l i t y ,  minimum 

low cost 

l ong  l i f e  

area, low mass 

TABLE 11. - PHOTOVOLTAIC POWER SYSTEMS - STORAGE 
TECHNOLOGY SUMMARY EARTH O R B I T I N G  APPLICATIONS 

percent 
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Ce l l  type Now 

E f f . ,  Rad. deg., 
percent percent 

GaAs >22 10 t o  15 
Tandem c e l l  I n  dev I n  dev 
InP 19 I n  dev 
Thin f i l m  c e l l s  <6 <10 

TABLE I V .  - PHOTOVOLTAIC POWER 

Goal 

E f f . .  Rad. deg., 
percent percenta 

25.5 (10 
> 30 <10 
>20 0 
>10 <5 

SYSTEMS ARRAY TECHNOLOGY SUMMARY 

15 

43 

I n  dev 
I n  dev 

~ 

Array type 

9 

6.8 

I n  dev 
In dev 

Planar: 
TDRSS (Tracking and Data 

S a t e l l i t e  System) 
OAST-1 ( Former1 y SEP) 
APSA (Advanced Photovo l ta ic  

Solar Array) 

M i  n i  a tu re  Cassegrai n i  an/GaAs 
Advanced Re f rac t i ve  
Concentrator . 

Concentrator: 

91% OpticdGaAs c e l l s  
96% Opti cs/30% c e l l  s 

Now I Goal 

kg/kW 
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FIGURE 2. - PHOTOVOLTAIC ARRAY PERFORMANCE FOR INTER- 
PLANETARY APPLICATIONS. 
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HIGH EFFICIENCY. 
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